The elastic, thermodynamic, and electronic properties of fluorite RuO 2 under high pressure are investigated by plane-wave pseudopotential density functional theory. The optimized lattice parameters, elastic constants, bulk modulus, and shear modulus are consistent with other theoretical values. The phase transition from modified fluorite-type to fluorite is 88 GPa (by localized density approximation, LDA) or 115.5 GPa (by generalized gradient approximation, GGA). The Young's modulus and Lamé's coefficients are also studied under high pressure. The structure turned out to be stable for the pressure up to 120 GPa by calculating elastic constants. In addition, the thermodynamic properties, including the Debye temperature, heat capacity, thermal expansion coefficient, Grüneisen parameter, and Poisson's ratio, are investigated. A small band gap is found in the electronic structure of fluorite RuO 2 and the bandwidth increases with the pressure. Also, the present mechanical and electronic properties demonstrate that the bonding nature is a combination of covalent, ionic, and metallic contributions.
Introduction
Attractions to study RuO 2 are due to its fundamental properties and potential superhard characteristics [1, 2] . An extensive search for new superhard materials has been undertaken during recent years and a new class of hard materials has been suggested: the transition-metal dioxides containing heavy elements. Typically, the bulk modulus of modified fluorite (pyrite phase, Pa3) RuO 2 was found to be 399 GPa [3] , which is the highest value except for diamond (442 GPa) [4] . RuO 2 has the rutile (P4 2 /mnm) structure under usual conditions [3] , and can be transformed to an orthorhombic (CaCl 2 -type, Pnnm) structure at about 6 GPa [5] or 11.8 GPa [6] and to a pyrite structure at about 12 GPa [2, 5] . Moreover, the theory indicates the Pa3 structure can be transformed to a fluorite (Fm3m) structure at about 89 GPa or 97 GPa [2] .
Recently, elastic properties focusing on Pa3 phase of RuO 2 have been investigated systematically [2, 7] . Electronic structures [8] [9] [10] [11] and optical properties [12] [13] [14] of rutile and orthorhombic [14] RuO 2 have been extensively studied. A full-potential linear muffin-tin orbital calculation on the electronic structure and bulk modulus of fluorite RuO 2 has also been performed [15] . The hardness and elasticity in cubic RuO 2 and Raman scattering of the rutile-to-CaCl 2 phase transition have been probed experimentally [16] .
Previous investigations on fluorite RuO 2 are not complete and some problems remain unresolved. Many properties, such as the hardness, stabilization, elastic and thermodynamic properties etc under high pressure, are still unknown. To reveal the superhard characteristics appropriately, a detailed theoretical description of the elastic and electronic properties is necessary.
Theoretical approaches
In this work, all the calculations have been performed with CASTEP [17, 18] . In the electronic structure calculations, we have used the non-local ultrasoft pseudopotential [19] , together with the revised PerdewBurke-Ernzerhof (RPBE) generalized gradient approximation (GGA) exchange-correlation function [20] .
Considering the computational cost, a plane-wave basis set with an energy cut-off of 600.0 eV [2] has been applied, and the 12×12×12 Monkhorst-Pack mesh has been used for the Brillouin-zone (BZ) k-point 
Results and discussion
In the equilibrium geometry calculations of fluorite RuO 2 , both the GGA and the LDA methods have been used. The bulk modulus (B 0 ) and its first-order pressure derivative (B The LDA/CAPZ (embedded in CASTEP) calculations are performed using the same parameter input with GGA. Figure 1 suggests that a significant stiffer compressibility of 82.92% is obtained using LDA at 100 GPa as compared to GGA (80.27%). The volume compressibility (about 80%) is nearly the same as the ultrastiff cubic TiO 2 at the same pressure [24] . The bulk modulus of the fluorite RuO 2 is 353 GPa (LDA) or 287 GPa (GGA), which is slightly smaller than that of the TiO 2 (282 GPa ÷ 395 GPa). As the pressure is increased to 100 GPa, the approximation value of the normalized volume of diamond, c-BN, OsO 2 , and OsC, is 85%, 83%, 80%, and 84%, respectively [25] [26] [27] , which is slightly larger than the current calculations. As a comparison, figure 1 shows the Ru-O bond length contraction with increasing the pressure. Similarly, a smaller Ru-O bond length contraction is obtained using LDA. In a word, the current Ru-O bond length contraction, using either LDA or GGA, is much smaller than that in volume contraction.
The range. Compared to c 12 and c 44 , c 11 varies largely by changing the pressure, meaning that it is more difficult to obtain the same strain from the longitudinal direction than from the transverse direction. An estimate of the zero-temperature transition pressure between the Pa3 and Fm3m structures may be obtained from the usual condition of equal enthalpies, i.e., the pressure P, at which enthalpy H = E + PV of both phases is the same. Our calculated Pa3→Fm3m phase transition pressure is 115.5 GPa by GGA and 88 GPa by LDA, as shown in figure 2, in accordance with the theoretical values of 89 GPa [2] and 97 GPa [2] but is greater than the predicted 65 GPa [1, 22] . Using the calculated elastic constants at 0 K and 0 GPa, we obtain the bulk moduli B of fluorite RuO 2 , with the values of 287 GPa (GGA) and 353 GPa (LDA), respectively, which is smaller than that of diamond (442 GPa [27] ), although both of them have comparable compressibility at 100 GPa. The shear constant c 44 is 170.20 GPa (GGA), which is consistent with previous theoretical calculations 152 GPa [2] , 140 GPa [16] , 147 GPa [16] , and experimental measurement 144 GPa [16] , but is larger than the other theoretical value 62 GPa [23] . In general, the shear modulus of cubic materials is slightly lower than the value of c 44 [16] , whereas our calculation indicates the opposite case.
There have been proposals that the shear modulus may be a better index of hardness [29] . Our calcu- The value of the Poisson's ratio for covalent materials is small (σ = 0.1), whereas for ionic materials, a typical value of σ is 0.25 [32] . In our cases, the value of σ for RuO 2 varies from about 0.2124 to 0.3227, as shown in table 2, indicating a higher ionic and weaker covalent contribution to intra-atomic bonding.
Besides, the typical relation between bulk and shear modulus is, respectively, G ≈ 1.1B and G ≈ 0.6B for covalent and ionic materials. In our cases, the calculated values of G/B are in the range of 0.7396 at 0 GPa to 0.3656 at 150 GPa, indicating that the ionic bonding is dominant for fluorite RuO 2 . To evaluate the material ductility or brittleness, Pugh et al. introduced the B/G ratio [33] : the material is brittle if the ratio is less than the critical value 1.75. Therefore, fluorite RuO 2 is brittle under ambient conditions since the B/G is only 1.35. However, the brittleness decreases (or ductility increases) when the pressure is increased and the B/G ratio rises to 2.4 when the pressure is up to 120 GPa.
The dependences of the Debye temperature Θ, heat capacity C V , Grüneisen parameter γ, thermal expansion coefficient α, and Poisson's ratio σ on the pressure are calculated. As shown in table 2, when the temperature keeps constant (T = 0 K), Θ and σ increase with increasing the pressure, whereas C V , γ, and α decrease. The five thermodynamic parameters show different pressure dependences within the range of 0 ÷ 120 GPa. It is obvious that the thermal expansion coefficient α declines most significantly, corresponding to an 85% compression. The heat capacity C V and Grüneisen parameter γ, however, correspond to smaller compressions with 60% and 25%, respectively. The other two parameters, Debye temperature
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Elastic and electronic properties of fluorite RuO 2 from first principle Θ and Poisson's ratio σ, increase with the pressure with 32% and 52%, respectively. Moreover, all the five parameters have shown decreased dependences with increasing the pressure, indicating anharmonicity of the vibration. Therefore, it is necessary to further investigate the electronic energy band structure and density of states (DOS) to better understand the physical properties. Accordingly, we have made a systematic investigation of the fluorite RuO 2 at different pressures (0, 30, 60, 90 GPa) under 0 K, as shown in figures 4, 5, and 6. Figure 4 presents the pressure-induced energy level shift towards higher and lower regions. We can see that the applied pressure has a larger effect on the energy levels far away from the Fermi level than those in the vicinity of the Fermi level, indicating a stronger effect on the core level than on the valence level. From the energy band structure, we find that the top of the valence band occurs at W point and the bottom of the conduction band occurs at L point (slightly lower than X point by a value of 0.02 eV), implying that there exists an indirect gap with width of 0.5175 eV in fluorite RuO 2 . The calculated band gap at zero pressure is consistent with the other theoretical value (0.5 eV) [2] , but is much smaller than those of diamond (4.15 eV) and c-BN (4.49 eV) [34] . Moreover, it is found that the band gap increases almost linearly with the pressure. In figures 5 and 6, we plot the calculated DOS by GGA, where the Fermi energy is taken to be zero.
From figure 5 (a) , the O 2s band center is at −18.5 eV, which is consistent with those in rutile [10, 14] and
The valence band width is about 4 eV, which is much larger than those in rutile [14] (2.5 eV) and CaCl 2 -type [14] RuO 2 (1.4 eV). In figure 5 (b) , the calculated valence band width of O 2p is about 8 eV, which is slightly larger than that in rutile RuO 2 of 5.9 eV (using an extended linear augmented plane wave potential) and 6.8 eV (using linear-muffin-tin-orbital potential) [10] , but the present calculation is consistent with that in rutile [14] and CaCl 2 -type [14] RuO 2 with the same values of about 8.1 eV. Furthermore, the calculated conduction band width is 4 eV, which is far smaller than that of valence conduction.
The Ru s semi-core band, centered at −73.3 eV, displays larger relative intensity (3.6) and smaller width (1.2 eV) with respect to those in the conduction band with smaller relative intensity (1.9) and larger width (2.2 eV). The other Ru s electrons distribute mainly in the ranges of −21 eV ÷ −18 eV, −8.6 eV ÷ −1.6 eV, −1.5 eV ÷ 0.5 eV, have formed very weak peak with intensities less than 0.1, and thus could be ignored as compared with the peak far away from the Fermi level. In figure 5 (d) , the Ru p state locates at −43.5 eV in the valence band with width of 1.3 eV and distributes in the energy range of 6.3÷27.5 eV in the conduction band (corresponding to two sharp peaks centered at around 10 eV and 16 eV, respectively).
The relative intensity of Ru p state in the valence band is far greater than that in conduction band, and the DOS distributed in the energy range −20÷5 eV is ignored due to their subtle relative intensities (below 0.12). The Ru 4d state, shown in figure 5 (e), is distributed at −18.8 eV and around the Fermi level with widths of 2.3 eV and 12.0 eV, respectively. Moreover, the relative intensity of the inner valence band is considerably smaller than that in the outer valence band and in the conduction band.
The four sharp peaks of the total DOS within −7.5 ÷ 5 eV originate from the strong hybridization between Ru 4d and O 2p, as seen in figure 6 . The complete overlap of the Ru 4d and O 2p states from −8 eV to 4 eV indicates a strong covalent interaction between them, whereas the nonzero DOS value at Fermi level indicates a moderate metallic feature in its bonding state. Although there is a large hybridization between Ru 4d and O 2p states, the charge transfer from Ru to O is possible in the present case. By analyzing the Mulliken population results, it is found that the charge transfer from Ru to O is as numerous as about 1.01 electrons. Therefore, the bonding behavior between Ru-O has ionic contributions owing to charge transfer. In a word, the bonding behavior between the Ru-O is a combination of covalent, metallic and ionic contributions.
To emphasize the pressure dependence of the DOS, we have investigated the DOS under different pressures (30, 60, 90 GPa), as shown in figures 5 and 6. It is clearly seen that the applied pressure causes the energy levels shifting towards both sides of the Fermi level and thus the energy band is broadened. Under a higher pressure, the energy level shift is decreased, implying the strong repulsion among the core electrons. Meanwhile, in general, the relative intensity decreases with increasing the pressure. Accordingly, the relative shift in the lower energy space is always larger than those in the higher energy space, implying different bonding strength. The change of the DOS can be attributed to the charge transfer during lattice distortion. With the increase of pressure, a higher overlap of the wavefunction results in a stronger delocalization of electrons. Electrons transfer from the majority to minority spin band and form broader bands. The center changes and electrons become more localized when lattice distortion changes from negative to positive. The majority and minority bands move with respect to the Fermi level, which affects both the spin polarization ratio and magnetic properties. The current investigations reveal that the relative intensity of O s and p states decrease with the pressure both in the valence and conduction bands. However, the relative intensity of Ru s state keeps almost unchanged in the semi-core band and the main peak in the conduction band has been split into two peaks with the pressure. By analyzing Ru p state, we find that the relative intensity decreases slightly with the pressure in the whole valence band and in the higher-energy range from 12.5 eV to 25 eV, but increases with the pressure within 7.5 eV÷12.5 eV. Interestingly, there is observed an increase of the relative intensity of Ru d state with the pressure in the deeper-lying valence band, whereas the relative intensity of the other Ru d state decreases with the pressure, presenting opposite variation tendencies. The different intensity variation trends have unambiguously demonstrated that the applied pressure has induced various charge transfer tendencies.
Conclusions
The current investigations revealed that the fluorite RuO 2 is a potential ultrahard material. The elastic stability criteria show that the fluorite RuO 2 is elastic stable up to 120 GPa. The calculated Poisson's ratio and Debye temperature increase monotonously with the pressure. However, the heat capacity, Grüneisen parameter, and thermal expansion coefficient decrease with the pressure. An analysis based on Poisson's ratio, G/B, and DOS reveals that the bonding nature in RuO 2 is a combination of ionic, covalent and metallic contributions, which contributes to the hardness and fundamental properties. The energy band investigations found an energy gap between the top of the valence band and the bottom of the conduction band, and the gap seems to increase monotonously with the pressure. Moreover, the different intensity variation trends of DOS have unambiguously demonstrated that the applied pressure has caused various charge transfer tendencies.
